Room temperature plasmon-enhanced InAs 0.91 Sb 0.09 -based heterojunction n-i-p mid-wave infrared photodetector Middle wavelength infrared (MWIR) photodetectors have a wide range of applications, but almost all of them operate at low temperature due to the limit of materials and device structures. The capability of plasmonic structures to localize electromagnetic wave on the deep subwavelength scale provides the possibility for MWIR photodetectors operating at room temperature. Here, we report a high sensitivity room temperature MWIR photodetector which is an InAs 0.91 Sb 0.09 -based heterojunction n-i-p photodiode integrated with a Au-based two-dimensional subwavelength hole array (2DSHA). A room temperature detectivity of 0.8 Â 10 10 cm Hz 1/2 W À1 and a response time of 600 ns are achieved. The non-cooling high performance of 2DSHA-InAs 0.91 Sb 0.09 based heterojunction photodetectors will make their applications easier, broader, and economic. Published by AIP Publishing. https://doi.org/10.1063/1.5018012
Middle wavelength infrared (MWIR, 3-5 lm) photodetectors have various applications in security, communication, medical diagnostics, and remote sensing. Most of the MWIR photodetectors operate at low temperature due to limited detection performance. Mercury cadmium telluride (HgCdTe/ MCT) photodetectors have taken a dominant position in this wavelength range, but they come with practical constraints of non-uniformity of the material due to high Hg pressure and the need for a thick absorption layer (several microns) due to its low absorption coefficient. PbSe photoconductors can work at room temperature but usually under larger bias and with lower speed. 1 In the past few decades, Antimonide (Sb) based III-V materials have shown great promise for MWIR focal planar arrays (FPAs) owing to their good uniformity in material growth and well established fabrication techniques. [2] [3] [4] [5] [6] [7] [8] [9] However, due to the narrow bandgap properties and small absorption in the 3-5 lm range, these photodetectors typically possess a thick absorption layer and suffer from large dark current, thus limiting their room temperature applications.
It is well known that the main challenge in designing a photodiode lies in the inherent trade-off between responsivity and thickness of the absorption layer (device speed). Higher responsivity is achieved in a thicker absorption layer, but at the expense of longer transit time and thus slower response. Recently, surface plasmon polaritons (SPPs) on the subwavelength scale have attracted tremendous attention as they have multitudinous applications, depending on the dimension of the plasmonic structures and operation frequency. [10] [11] [12] [13] [14] The exceptional ability of plasmonic structures to confine light in extremely small volume has proved useful in improving the performances of solar cells and photodetectors in the visible and near infrared wavelength range. For MWIR, plasmonicgrating enhanced nBn photodetectors have been reported at 120 K. 4 A Ge/Si quantum dot (QD) photodetector integrated with a circular hole array has also been reported at 78 K. 15 For the 5-10 lm range, InAs QDs [16] [17] [18] integrated with plasmonic structures have been developed, showing potential for sensitive large FPAs but still at low temperatures.
In this work, we integrate a gold two-dimensional subwavelength square hole array (2DSHA) with an InAs 0.91 Sb 0.09 based heterojunction n-i-p photodiode for MWIR photodetection with excellent room temperature performances. With proper design, a detectivity of 0.8 Â 10 10 cm Hz 1/2 W À1 with an impulse response of 600 ns at room temperature has been demonstrated. Figure 1 shows the schematic of the room temperature 2DSHA-hetero n-i-p MWIR photodetector which is an integration of a 2DSHA and an InAs 0.91 Sb 0.09 based heterojunction n-i-p photodiode. The n-i-p structure is epitaxially grown on an n-type GaSb substrate (Te: 1. The purpose of having only a 20 nm thick top n-type layer is to ensure more SPPs to interact with the active intrinsic absorptional InAs 0.91 Sb 0.09 layer. The top and bottom ohmic contacts are 15 nm thick titanium (Ti) followed by 200 nm thick gold (Au). The 300-lm sized square mesas are defined by wet etching, followed by deposition of the Published by AIP Publishing. 113, 011110-1 350 nm SiO 2 passivation layer (PECVD) to reduce the surface leakage current and protect the mesas. In our work, the metallic 2DSHA structure is fabricated on top of the InAs 0.91 Sb 0.09 based n-i-p by electron beam lithography (EBL), followed by metal evaporation and a standard lift-off process. The metal surface consists of a 3 nm thick Ti adhesion layer and 70 nm thick Au. The thickness of gold is chosen to be 70 nm which is much more than the skin depth 19 (4.3-10.7 nm for gold for 1-6 lm, d s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi q=ðpf lÞ p , where q is the resistivity, f is the frequency, and l is the relative permeability) to avoid direct transmission through the metal film. In fabrication, the 2DSHA and reference n-i-p photodiodes have undergone the same technical process except for the final step where the metals for 2DSHA are kept for plasmonic devices.
The InAs 0.91 Sb 0.09 based heterojunction photodiode is chosen here as it has reasonable detectivity at high temperatures and the materials have high stability and are easy for larger area arrays. In general, the responsivity and device speed of the n-i-p structure depend on the thickness of the intrinsic layer. Higher speed can be achieved by employing a narrower intrinsic layer at the expense of reduced responsivity, while large responsivity needs a thick intrinsic layer at an expense of longer response time. This trade-off can be overcome by incorporating an Au 2DSHA to the heterojunction n-i-p photodiode with a thin intrinsic layer as it provides strong light confinement near the metal-dielectric interface.
In the 2DSHAs, the interaction between light and the surface plasmons obeys momentum conservation given by
where k 0 sin h is the in-plane incident wave vector and G x ¼ G y ¼ 2p=p are the reciprocal lattice vectors. k spp is the wave vector of the SPP at the gold-dielectric interface, which can be expressed as
: 20 At normal incidence ðh ¼ 0Þ, for the Au 2DSHA integrated on top of the sample with a hole period p, the surface plasmon resonance (SPR) wavelengths are given by
where (i, j) are the set of integers denoting the mode orders in x-and y-directions, and e m ðe d Þ is the permittivity of the metal (semiconductor). The permittivity of our sample in the wavelength range of interest is $15.1 (the imaginary part is much smaller than the real part) 21 while the permittivity of gold can be expressed by the Drude model
where e 1 ¼ 1 is the high frequency dielectric constant, x p ¼ 1.37 Â 10 16 rad/s is the plasma frequency, and x s ¼ 4.07 Â 10 13 rad/s is the collision frequency. Combining Eqs. (2) and (3), for the 2DSHA metallic structures with p ¼ 900 nm, the SPR wavelength can be deduced as 3.5 lm for the fundamental plasmon mode (k 10 or k 01 ) at normal incidence, which is located around the peak photocurrent response of the InAs 0.91 Sb 0.09 based heterojunction n-i-p photodiode. At plasmonic resonance, the confinement of SPP waves inside dielectric medium can be described by the SPP penetration
where e 0 m is the real permittivity of the gold, e d is the permittivity of the n-i-p sample, and k 0 is the wavevector in the free space. The penetration depth of the surface plasmons in the InAs 0.91 Sb 0.09 based heterojunction n-i-p sample at 3.5 lm is found to be $1 lm. This serves as the guide for choosing the thickness of the intrinsic absorption layer in our n-i-p devices. In experiments, we also fabricated other 2DSHA hetero n-i-p devices with hole periods of p ¼ 550, 1280, and 1550 nm for comparison. For all the 2DSHAs, the width of the square hole is close to half of p to give better performance.
16 Figure 2 shows the photocurrent spectra (measured by FTIR with an MWIR focus lens) of the InAs 0.91 Sb 0.91 based heterojunction n-i-p (black curves) and the 2DSHA-hetero n-i-p (red curves) devices under zero bias, measured at room temperature (293 K) and T ¼ 77 K, respectively. For room temperature operation, the InAs 0.91 Sb 0.09 based heterojunction n-i-p photodiode, which will then be referred to as "the reference," is observed to exhibit broadband response from about 2 lm to 5 lm with a photocurrent peaked at a wavelength of about 3.5 lm. When temperature is decreased to 77 K, the cutoff wavelength is shifted from 5 lm to about 4 lm due to bandgap broadening of the InAs 0.91 Sb 0.09 layer. At 77 K, the photocurrents are much larger than those at room temperature due to the increased carrier mobility (increased carrier velocity). The absorptions at about 2.7 lm, 3.3 lm, and 4.3 lm by the environmental air are also observable in the photocurrent spectra of both temperatures. It is noted that all the four 2DSHA-hetero n-i-p photodetectors show obvious photocurrent enhancement although the one with the period of 900 nm shows the highest. Specifically, the average enhancement factors are in the range of 3-4Â for the 2DSHA-hetero n-i-p photodetector with p ¼ 900 nm and 1-2Â for the other three photodetectors with p 6 ¼ 900 nm. As SPR occurs, the optical electrical field (light density) becomes very large especially at around the interface between the metal and the dielectric. To gain insights into the enhanced electrical field, we present numerical simulations (FDTD) for the 2DSHA structures in Fig. 3 . The electric field enhancement factors, defined as B ¼ jE x,int / E x,in j 2 , at k 0 ¼ 3.5 lm and the detuning [k spp (i,j) À k 0 ] of the fundamental and high order SPP modes from k 0 ¼ 3.5 lm as a function of hole period of the 2DSHAs are shown in Fig.  3(a) . It is clearly seen that maximum field enhancement is obtained when the fundamental resonance matches k 0 at p ¼ 900 nm, and field enhancements in other hole periods also exist due to the contributions from different plasmonic modes. The detuning of the fundamental SPP mode from k 0 ¼ 3.5 lm also has the smallest value when the period p ¼ 900 nm. The numerically calculated electric field enhancements of the periodic metal hole array for the 2DSHA with p ¼ 900 nm are also shown in Fig. 3(b) , where the electric field values are taken from the hot-spot point (for an unit cell, x ¼ p/2, y ¼ 0, and z ¼ 0) with the position indicated in the inset. It is obvious that in addition to the fundamental mode, other higher order plasmonic modes of the 2DSHA also contribute to the field enhancement.
Ideally, if the enhancement occurs due to strong light confinement near the metal-dielectric interface at resonance only, it then follows that the enhancement should be within a narrow wavelength range around those resonance modes. However, this is not the case as enhancements are observed over a broad wavelength range. This broadband character mainly comes from the continually distributed incident angles in the FTIR measurements (mainly from the focus lens). To gain a further insight into this, the SPRs of the 2DSHAs have been separately demonstrated by measuring the reflectance spectra on both this hetero n-i-p sample and Si substrates [ Fig. 4(a) ]. The SPR modes (marked fundamental modes as examples) on Si show obvious blue-shift compared to those on hetero n-i-p samples as the permittivity of Si (11.8) is smaller than that (15.1) of the hetero InAsSb n-i-p sample [abide by Eq. (2)]. The measured broadband reflection spectra can be primarily ascribed to the continually distributed incident angles up to about 30 from the condenser in the experimental set-up (36Â objective lens (NA ¼ 0.5). According to Eq. (1), the oblique incidence will lead to splitting and shifting for those SPR modes. To verify, we simulated reflectance spectra of the 2DSHAs with p ¼ 900 nm on the hetero n-i-p sample at different incident angles as an example [ Fig. 4(b) ]. It is observed that the SPRs are split and shifted while the incidence angle deviates from normal incidence (0 ) to other incidence angles, which is in good agreement with Eq. (1) and other reports. 15, 16, 20, 24 The averaged reflectance spectrum from 0 to 30 (assuming uniform distribution for qualitative description), also presented in Fig. 4(b) , exhibits broadband character, which is in agreement with the measured counterpart. The broadband reflection spectrum corresponds to a broadband transmission spectrum as they are correlated by R ¼ 1-T. Figure 4(c) shows the transmission spectrum of the 2DSHAs with p ¼ 900 nm, extracted by 1-R. As the continually distributed incident angles in the photocurrent measurement system exist, the broadband transmission spectrum of the 2DSHAs will generate electron-hole pairs over a wide spectrum, resulting in broadband enhancement in photocurrent as shown in Fig. 2 . Other factors, such as localized surface plasmons (LSPs), Fabry-Perot (FP) resonance, and prolonged light path can also contribute to the photocurrent enhancements, 25, 26 but their contributions are not significant in our case.
Finally, we used a 700 C blackbody radiation source to characterize the responsivity and detectivity of the 2DSHA-hetero n-i-p photodetector with p ¼ 900 nm and the reference at room temperature under biased voltages from À350 mV to 350 mV. The room temperature responsivities [R i ¼ I s /P, where I s is the signal current and P is incident radiation power on the detector calibrated by a standard power meter (OPHIR PHOTONICs)] of the two devices are presented in Fig. 5(a) . As shown, the photoresponses of both devices increase with the increasing reverse voltage owing to the increased electric field (increased carrier velocity), demonstrating that the photocurrent mainly comes from the drifting of photon-excited carriers. 27 It is found that the responsivity of the 2DSHA-hetero n-i-p photodetector increases when the biased voltage varies from positive to negative and tends to saturate at about À150 mV with a value of 0.85 A/W, as compared to 0.15 A/W for the reference at the same bias. It is noted here that the responsivity of the reference device is saturated at around À350 mV with a value of only 0.3 A/W, while that of the plasmonic device is saturated at about À150 mV with a much larger value. As the current-voltage curves [inset of Fig. 5(a) ] confirm that the plasmonic and reference devices have similar dark current characteristics, the difference in the saturation voltages of the responsivities is primarily due to the plasmonic effect. In the 2DSHA n-i-p device, most EHPs are mainly generated in the absorbing layer near the metal-semiconductor interface and the electrons can be fast collected by the electrode. This will lead to a lower bias voltage for the electrons to reach the saturated drift velocity as t ¼ lE. The room temperature blackbody detectivity (D ¼ R i = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2qJ þ 4kT=ðRAÞ p , where q is the electronic charge, J is the dark current density, R is the dynamic resistance, A is the area, and R i is the photocurrent responsivity) of the 2DSHA-hetero n-i-p photodetector is 0.80 Â 10 10 cm Hz 1/2 W À1 at À150 mV [ Fig. 5(b) ], compared to 0.12 Â 10 10 cm Hz 1/2 W À1 of the reference under the same bias voltage, corresponding to 6.6x enhancement. The external (EQE) quantum efficiencies (g E ¼ R i hc=ðkqÞ; where h is the Planck constant, c is the speed of light in vacuum, q is the element charge, and k is the wavelength) at 3.5 lm are presented in Fig. 5(c) with the maximum value of 30% occurring at À150 mV, corresponding to about 5Â enhancement. It is noted that the EQE for the reference device is only $2% at zero bias, which may due to the barriers in the hetero n-i-p structure. We also measured the line widths of the impulse responses 28 of the 2DSHA-hetero n-i-p device and the reference at zero bias with a 4.77 lm quantum cascade laser (QCL) pulse (200 ns in width). They are 600 ns for both devices [ Fig. 5(d) ], demonstrating a fast response to the input signal. These measured results show that the performance of the 2DSHA-hetero n-i-p photodetector can be improved a lot without sacrifice of the speed.
In summary, metallic subwavelength hole array enhanced InAs 0.91 Sb 0.09 based heterojunction n-i-p photodetectors have been realized, and a room temperature detectivity of 0.8 Â 10 10 cm Hz 1/2 W À1 has been achieved with a response speed of 600 ns. This work opens a way of developing high sensitivity room temperature MWIR photodetectors with high detectivity meanwhile not reduced response speed. The realization of a room temperature mid-wave infrared photodetector makes the application systems more economic and easily extended to more application domains.
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